
LEV ELC20

COMPUTER SCIENCE
TECHNICAL REPORT SRE

TJNWERSIM OF AkRYLAND
COLLEGE PAWK MARYLAND

20742 s

W!3 MOM TO MR QMsTf WW
2U omW IIsm TO DI3C 00TA11 A

EMU=XJO L==,, e pbs d

____80 6 30 090

~ wiz ,19-



DISCLAIMER NOTICE

THIS DOCUMENT IS BEST QUALITY
PRACTICABLE. THE COPY FURNISHED
TO DTIC CONTAINED A SIGNIFICANT
NUMBER OF PAGES WHICH DO NOT
REPRODUCE LEGIBLY.







inversely Pro~oortionat to the length of the line, so that short

tines, whose directions are Less certain, are allowed a qreater

discrepancy than Longer tines. The figure of merit for a qiven

pairint of tines is based on the amount of overlap between the

lines, i.e. the proportion of common tenqth of their orojections,

and the oistance between the lines. Several ways of combininq

these measures were evaluated, and the results inuicated that the

exact combination was not critical to the procedure.

having given initial scores to the pairs of lines, the next,

iterative, step involves refining the scores by interactions among

the tines that compete for the same antioarattet oartner. each

tine hds a link to every possible antiparattel pairing line. Each

rink has a Link strength, and the Link strentzths are normalited.

Should a line have no Links to other lines or should there be no

links to it, the line is dropped from consideration. If two
antiparattet lines A and B are a mutually best oair, i.e., if A'S

(ink strength to 8 is stronger than its Link strenqth to any other

tine, and B's Link to A is also its Strongest link, and there are

no tines between A and 8, then A ano 8 are considered to be

linkea and can be drooped from further consiaeration. Note that

when this happens, any other lines that were Linked to A or to R

must hove these links deleted. Because of the deletions a

renormatization is required, and this adjusts the link streniths

with respect to atterndtive anti-paratLel pairs for Lines. The

process is iterated until no more pairs can be formed. Fiqure la

shows a picture of part of an airfield. Figure lb shows the set

of directed edges derived from the picture# ano Figure Ic shows

the results of appLyin4 the process to the tines in Fiqure la.
The rest of this caper describes the method in detait

oresents examples of its application to sets of lines extracted

from aerial Qhotoqraphsg and discusses some of the shortcomings

and aovantages of the approach.



* b. Lines extracted from the picture
in (a).

Figure la. Picture of
part of an airfield.

c. Result of applying the linking
process. Dotted lines indicate
linked pairs. The light lines are
unpaired (noise) lines.
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t) Rtad in tle -i ta tf r each tine in t$e for" (XI, Y1, X2, YZ)

.4here (xl, YI) are the co-ur'inates of tne first endooint and (X.,

V2) arc the co-ordinates of tthe second en; oimt at the tine.

") Initiali2e the lir *s tetween each a.aLificI ,air 0 4  Lines.

Z) % rmalize each Lint's set of links ano etiminate any uine ith

no li r s.

4) RLeeat ste.s 5-7 until no lines remain:

3) Far every links say from line A to line 8, and every line C

t"=t ftLs bet.een A a C1 : with its createst link strength to tine

:, decrement the Link from A to " -y D's link strength to C it t

falls Qutside A ana b.

c) UE iminate tines tnat are mutually best pairs and that have no

other tines oetween them. ereak the tinKs from or to these tines.

.) Re-normalize each tine's set of Link strengths ano elimninate

an line with no links to it or from it.

The alorithm starts #y readin. in the co-ordinates of the

encooints of each tine. The slope of the line is Vefined hy the

oraer in which the endooints aopear. The lenqth of the tine is

also catculate at this ocint.

For each line, jIt other tines thst are anti-carattet z) it

.fni tall within a compited angle tolerance are eAaminei to sea if

they a re C€n;idatPs for ps irinq witn the line. The *ntLe

toterdnce is ccputed 4s the sum of two factors C and C', wnere

C* is a constant (currently 25 aegrees) and CZ is inversely

:ruvortional tc the lonaer of the two lines ze'inq consid*reo.

"is Lr.vides 4 reater taxity in intertretina short tires wnose



Jirections arp less certain than tonqer Lines.

-tt tines which .ass the angle test must in addition satisfy
t*e further criterion thit their overtapn e non-zero. The ovartac
is currouted As the intersection of the wrojecti,.ns L4 tte lines
onto a line th-t runs cetween them and hts an anri te that is the
'e~n cf their an, t s mohto 1 deqrees, (Figure 7.)

FIGURE 2

ALl Lines assing the angle and overta tests are linkea, with
strenath con:utea as a function of their cistance from each

other and t)eir overlap. The distance zetween lines A and :3 is
comouted as the peroenoicutar distance tetween lines that a~ss
througn the midpoints of A and E, inc; whose airection is the
average of thcse of A dno a. (Figure 3.) Tho dotted tines in tne
tibure have slope half.ay between that of tine A and line a.

FIGuRE 3

The current function 4ein; used for tne Link strength from line

to line 6 is



CVEALAL/LE'/GTh(LINE A) /LoSTA'ZE

Severat vari4nts of these factors were use., ;ome of the variants
tlhdt .ere triew are

. strenath = (2*overlaDillenqth.(line A)*lenoth(line -))/dist nce

-. strencth = overlaclten-th(line A) 41jaistance

strength = 2-overldci tenoth(line A) +tenrith(line E)) *

'/distance

fote that variants I and 3 are symmetric, white variant 2,

the variant described above are asyYmetric. Asymmetric

tunctions were preferred over symmetric functions because it qeems

re.sonable that a snort tine should be more stronqly attracted to

a tonj tine than the long line iS t0 th. short line. The

alorithm proved remarkably insensitive to the initial Link

strength calculation; oifferent schemes usually le d to very

similar results.

At this point, any lines without Links are deteted. Next the

iterative part of the a(gorithm is entered. Its qoal is to find

octimal pairir'..s of line segments based on th- initial esti-ates

dnA satisfyin., the constraints that each line belonq to at most

one pair and that no two pairs overlap. (See Figure 4 whert Ac

.n- CL are examples of mutual pairings .hich are ruled out by the

overtac requirement).
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E ach lin , far instance from tine A to line £, is uc ated r'

;arallrt accordinu to the foltlowinq scnene. :t toere is a line,

say line Co Detween A jrnj E, which is .ithin the anqle toterencs

CI mtntioneQ obovef tnen C°S qreatest Jinx strength i$ foona, %ay

to ti m 0. If (ine D is also oetween A anj E, nothin; is -one.

:trer.ist As link strength to 9 is decremented t-y :'S link

strength to C. After all the links have teon u zatei in this

--nner, the link strenths are re-normatized. For ail lines A ann

, if -s greatest linx strenoth is to J olt 9's Qreatost Link

strength, is to A anm there are no lines tet.een A 3nd o, then A

amn. E re considerea to te paireo anri are droLpe from further

consiuerdtion. At tnis Point, any line with n; (inks to it or

from it is deleted, ano a new iteration is started.

The bet.een relation is calculateu as follo.s (Ficurp e.) To

,iscoutr whether or not line C is between lines A and ;, a lina
.'1ose slope is the average of the stoces of lines A, 9, and C is

Lasseu r thru te center )oints of each of these lines. ('e the

;ottea lines in Figure 5.) Line C is between lines A and 8 i4 the

intercept on sume (artitrary) axis of the jotted tine throwah V°s

center is tetween the intercepts of the tines through A ana , and

iP tine C overlaps both A and a.
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Z, rXAI PLES Ak DIS{C SSICN

The aLgoritnm .resented here Performs competently on a

variety of input data. This is especialLy sicnificant when it is

real ized that no use is made of "holistic" cgtttrns that might Ce

3Ctartrnt to nu.ans who examine the data. 5
uch ratterns 'risp

:ecaust of intercretations imu.osea on the scene that rely or

.iSsunttiins externak to the scene1  and thus not ovailacte to the

prugro . The e assumotions vary from Person to person, and

jitferent peooLe often prefer cifferent oairinqs -in the sane

scene. As a result, it is not ;ossibte in aeneraL to specify now

.et t the system rerforms unless there is an associated context for

the interpretation.

in oroer to alleviate this £ robiem, a series of digitized

imtaes .as used as a source of Lines for the program. The

strai.nt eoa es in the images were extracted usinq an iter:tive

evhancefrent technioue (Peleg, 1978), ano the resulting Lines were

used as input to the pairing orogram. Ficure 5 shows one such

i-aoe anu the set of lines extracted from it. The only contextual

information retained from the i-aqes is the direction of each

Line. This tirection is such that the image is tighter to the

ri;ht ;f the line than to the left. It .itt te seen that even

this sm ll amount of knowledge can be v3tuable in disamhiguatinq

Line .irings.

The use Of images of real scenes enables an accurate

evaluation of the pairings. It should, however, be clear that

humans use much more information in torvinu pairs than is

.vaiLdtte to tne Oroqrdr.

In the images that were used, good pairs ccrresoona to the

edges of roaas and run.=ys and to the si.;s of buildings. Aany

culturi1 features are characterizel uy antiharallel r.airs f

* -...... - . ...



Figure 6a. A picture of Lorton
Reformatory.

*UL

b. Lines extracted I ___-_

from the picture in (a).
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strai,,nt ecges, a na it is a use f - st e ; i r in t efre~t in u t the i -,)4e

to Le atle to Jiscover these rairs. !_%cjuse the edge evtract ion

.rujCeSS is likely to Lreak the lines into secpents, ana cecause of

t*~e existence of cross-roads, a orogram that atttmots to link c

cottinear linps is usej to extenc and ccnnect segments that tie on

'str.-iht tine. This progran wilt L~e the Su~ject of anotner

r P ,or t. The f -ILo -in Sinple scheme wis usac to L;Iink cctII inear

se~ments. A more amtitious scheme is described ty zrcoks (117:,).

The itoorithm starts by pickin; a Line to .ork on. It then

tindS atl otner lines nhose angle is sw.fficientyctose to that of

tl~c chosen Linc. (Currently, within ?5 ae4reps). Th~ese tines are

the initial candicates for cottinear linking 'lost Ofth

canuicostes are weecea out immeoiateLy zcy a constr a in t reouir in a

centers of lines to Lie within a narrcw ritton centered on the

chosen tine (u: uatty 3 to S p.ixels widt.) (Fi 3u re 7)

FIGURE 7

It refrains to link uo Lines that are not too fir 3cart. T h is i s

essentially a parallel orocess. If tne -or. ! teen tfle en1 ooiflt

of one Line 6ma t he stairt of the me itt i s smallI enough ( 1eps s t h an

1.5 timres the maximum ,f the lines' Lenaths) tme Lines are mer.;ed.

If not, the enzoint tecomes the end of t1he t inked seonient, ani1

the start point tecomes the stiort of a new seqnient. FPecause the

Length that is used is not that of the whole new tine, h~ut only

that of i ts f inal segmentg the resut ts do not 'ae;end on which .ino

is chosen first. The a..iring proqram receives 3s imout t-e result

of a~rlyinr tht cottinearity oroqram to the enhanced dota.



Fiqure aa shows a oicture ot a Dart ot Lorton refcrmatorv in

the Fcrt % wvoir re4ion of Virginia for which Fioure AL is tne

corres.ondin, ed;e imaie. Figure da sho.s the result cl arolyino

the c tlLinear algorithm, while Figure 8t shows tne result of

aob.Lyinq the orogram described in Section ;. %otice esecijLly

o. the tine! cGmprising the cross-shaped tuildina in the tower

Left .ia;rant tf the gicture have been pairea. The ro'2ram has

errontousty 'ound the shadow borders, insteao of those o* the

'uitoir.Q. Fic.re dc shows how a very small anount of contertual

intormatiOn can te useful in correcting this error. "he extra

information is that builoings usually acpear hrighter th-n tneir

surro.ndings. it is manifested as a further constraint nlacoa on

the pairin,; ;,rcess. This constraint is that a line may only oair

.ith another, antiparattel, line if the interveninq region is

li 4hter than the are. on the other side of the line. Edqes are

extraite , with a airection correspondin; to the convention that
the tighter sice of the elae e to the right. Thus, this

constrnint means that a line is only altowed to pair with other

lines that are to its riqht. Using this constraint, the alyorithm

correctly discovers the corders of the buitdinq. Fiqure 9 shows

another ewdm.,le of applying the program to data ottained from a

sucwrcan scene In both cases, almost all pairs are correct, and

most of the noise lines are not paired. The resultant descriction

is much more useful fOr further processing than the orioinal edge

i~age.

!,Z Extensions

The Doairing alorithm in this oaver can be criticizeA, for

tami y too local a view in determining tne best matches. It miaht

happen that a kair of tines that are mutually best partners should

not, in-fact, be tinkeu. This can happen if the result of linkina

them is to cause other tines with low pairing strenqths to be

tinkej. This would give a tow gtobal Pairing confidence, whereas

forming alternative ,,airings might teao to a ho.;her olobal



Figure Ba. Collinear linking of lines in

Figure 6b.

I J

. I'I

b. Naive anti-parallel linking 
c. Anti-parallel linking with

applied to (b). 
brightness constraint.



Figure 9a. A suburban b. Lines extracted from the picture
scene. in (a).

c. Collinear linking of lines d. Anti-parallel linking.
,! i in (b) .

IP

LN , " ... .N- .: . . . . -



confiuence.

A way of alleviating this problem is to cnoroe the ;airina

urocess from a discrete crocess to a f.zzy cne and to use a

retax tion dlorithm to find the cest Cairs. Instead of simply

;:airin'4  Lines that are rutuatty best links, anc' oetetinq all other

Links, it .o.Lj be oreferatte to increase or decrease thp

confioence in each Link accordint to tne .71 tuaL con-atibititi s of

t #e links .ith one another. 3y iteratin; this procedure, a more

:l..talLy consistent result shout emerge.

3 Alternativus

Several alternatives to the Pairin, procedure were consicipre4,

rut were discarded in favor of the methoo oescrioea above. Two of

the alternative methous are triefly descriced Lelow.

The first itternative has tOe advantaqe of startinq from a

rad ient or edge image, or even from a raw ita.,e, w ithout hayino

to do dn prerrocessin,. It finus candijate antioarallel pairs of

edes, but does not decide which are the -est PairinQs.

The idea is to search out in opposite oirections from each

ocint in the image arrays Looking for eaoe responses. Ey

re~uirin n4 the responses to be at the same aistance on either Siae

Of the point and to have ooosite grauients, a measure o4 how

close the point is to the axis of the antiparattIe lines can Ce

obtained. This measure shouta deoend on the oistance that his to

ze searched to finc a pair of responses.

The result of aplying this process at each voint in the

image, in parallel, is a set of responses that take the for- of

Linear ridges centered oetween pairs of straight lines. rhese

ri%.ges encoje the distance and overta information for the

surrotnding tines, on j 1oint-by-point basis. They can be usea as

input to a syste* similar to the current one.

The advantages of this method are that it extracts skeletons

Qf th~se eages that are oart of antiparaLtet oairs, and tlat it

calculates properties of the oairs that are useful in (later)

S t ,



.rocessin!. 1 t suffers from flaws, however, which mak it

JoutttL t hetner the method is as useful as the edge extraction

3na enhancement orocess that was actually used.

The main flaw is the inaoility of the method to tin, all

;ossicte pairs without further processin4. Consider the situation

in Fi.,ure 1- where the solia tines denote actual ecoes anl the

aotte; tines denote axts of pairs.

C 0

FIGURE !-

The axFs correspone to the pairs AB, eC, ana CD. However, the

pair AD is also valii, but is not representeC tecause its sxis

falls Letween Lines a Ana C. By examininc alt axes that have the

same stove, it is possible to discover the pairs that -ere

initiaty misse., but this could oe a costly process. gelate .ork

on shape skeletons ( .n~s Wu ano Rosenfet, 1;79) illustrates the

jitficulties of aprtyino this kind of Local proctssino.

The second alternative involves associating confidences .ith

pairs ased on similarities of features, and not just on relative

size and pusitiOn. Instead of catcwldtinq a merit function for

each air basej on these features, a set of mough-like transforms

can te applied by projecting onto various subsaces of the featura

soace. This allows clusters of antiparallels to be etectes,

instea, of havinq to oeaL with the tines rairwise.

Unfortunately, experience has shown that cluster detection in

Hough spaces can Pe very difflcult (Rosentetd, I17Q). I- the

linear feature domains work ty -rooer et at. (in croqress) seems

to in,:icate J lack o# siqnificant clusttrs in HouQh soace. The

Iw



HcUqh-tiKe metnoc thus seems less iromisirk. than the mfethod

-1~vocotej in this L.aprr



4. CONCLUSIONS

This .auer nas presented an at,.orithm for cairino

intfiaraLtet straiqht Lines. The rairin, .as LaseO on the ano.ont

;.I owertap Let-een the Lines, the distance Letween them, anm on

.hethtr ,r nit other tines were interov sed.

The at~crithm %js evaluated usino tines extracted from reat

i-P.-ges using an euge 4etection ano enhance.1-ent grocers. Tne

results were seen to te generally reisonatie and the result of

ao oLyinq the process *it a new imaQe reoresentation that was aore

useful frr further orocessing than the initial edge imaqe.
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